Recently mesoporous materials have drawn great attention in fuel cell related applications, such as preparation of polymer electrolyte membranes and catalysts, hydrogen storage and purification. In this mini-review, we focus on recent development in mesoporous electrocatalysts for polymer electrolyte membrane fuel cells, including metallic and metal-free catalysts for use as either anode or cathode catalysts. Mesoporous Pt-based metals have been synthesized as anode catalyst with improved activity and durability. Mesoporous carbons together with other inorganic materials are better supporting materials than conventional carbon black, which have large surface area, high porosity and synergistic effect with metal particles. Pt supported on these materials possesses small particle size, uniform distribution and good access to fuels, which performs better as fuel cell catalysts than commercial Pt/C. Some efforts such as further improvement in the conductivity and chemical stability of mesoporous carbon by chemical doping are stated. Moreover, metal free cathode catalysts based on heteroatoms modified mesoporous carbon are also summarized.
Introduction
Polymer electrolyte membrane fuel cells (PEMFCs) based on either proton exchange membrane (acidic condition) or anion exchange membrane (alkaline condition) can use a wide range of renewable resources such as hydrogen gas, methanol, ethanol, formic acid, ammonia, hydrazine, urea etc. as fuels [1] [2] [3] [4] [5] [6] . They demonstrate outstanding energy density among the electrochemical energy conversion and storage systems, which is about 5 times larger than that for current Li-ion batteries 7 .
diffusion over orders of magnitude to improve mass transport, compared to diffusivity in the continuous micropore (< 2 nm in pore size) space 21 . The molecular exchange rate of materials traversed by mesopores network is accelerated by using pulsed field gradient (PFG) technique of nuclear magnetic resonance (NMR) for quantitative intracrystalline diffusion measurement. The details on mass transport of mesoporous materials have been covered in excellent reviews 21, 22 . In fuel cells field, the conductive mesoporous materials, especially the mesoporous carbon, have been intensively investigated to prepare electrocatalysts for electrodes, in order to overcome the challenge of cost and durability of the commercial Pt/C catalyst. Mesoporous structures have advantages of large specific surface area, appropriate pore sizes (2 to 50 nm) and large pore volumes for fuels transfer and particles deposition. Thus it is a promising method to obtain highly stable and active catalysts for fuel cells. In the aspect of anode catalysts, strategies include direct synthesis of mesoporous Pt and Pt alloys without supports, or formation of metallic nanoparticles on mesoporous supports (e.g. carbon, metal oxide, and metal nitride). As for cathode, metal based catalysts with mesoporous supports, as well as heteroatoms doped mesoporous carbons as metal-free catalysts are both widely reported. Although there are a few excellent reviews about applications of mesoporous materials in wide topics of energy conversion and storage such as solar cells, fuel production, rechargeable batteries, supercapacitors and fuel cells 16, [23] [24] [25] [26] [27] [28] , this review focuses on recent development of mesoporous materials for fuel cells catalysts, including mesoporous Pt (and Pt alloys), metals with mesoporous supports, and metal-free mesoporous carbon catalysts.
Use of mesoporous materials as anode catalysts
Platinum-group metals are tested to be the most active catalysts toward both anode oxidation reaction and cathode reduction reaction. The challenges of Pt catalysts are high cost and poisoning by the oxidation intermediates like CO ads and N ads 29, 30 . Numerous works have been done to improve the activity and durability of noble Pt-based catalysts by doping non-noble elements (e.g. transition metals, phosphorus) and forming hollow, core-shell or mesoporous nanostructures [31] [32] [33] . Efforts on mesoporous electrocatalysts are basically in two approaches: directly prepare unsupported metal electrocatalysts with mesoporous structure to obtain large surface area; enhance the dispersion of metal particles by depositing metals on mesoporous supporting materials.
Metallic mesoporous electrocatalysts
Metallic mesoporous electrocatalysts (MMECs) have a much larger electrochemically active surface area (ECSA) than conventional solid catalysts 5 . In addition, the porous structure with optimal pore size can improve the mass transport of fuels 34 . Consequently, related results presented by Yusuke
Yamuchi show much better performances of mesoporous Pt than Pt black in methanol electrooxidation reaction under acidic condition 35, 36 . The MMECs are usually synthesized via liquid crystalline templating methods. A facile way of preparing metallic MMECs has received more and more attention by using surfactant as soft-template 16 . Low molecular weight surfactants can result in large surface area due to small pore size, but on the other hand mass transfer of fuels to catalysts active sites will be inadequate. Large molecular weight surfactant such as triblock copolymers can lead to a large pore size by forming ''cavity-crystals''. Metal ions are mixed with soft-template via surfactant self-assembly, and then reduced to nanocomposites by chemical or electrochemical reduction. Finally the nanocomposites are washed to remove the surfactant and remain MMECs.
Bimetallic Pt alloys are common strategies to achieve better activity and resistance to adsorbed intermediates poisoning 4, 37 44, 45 . Second, the size of micropores (less than 1 nm) in carbon is too small to obtain enough mass transfer of fuel to the catalysts surface, thus limiting the activity of the catalyst 46, 47 . In the same way, these micropores will result in low accessible surface area to support the metal deposition, so metal particles primarily reside on the outer carbon black surface. Third, carbon black is poor to gases and liquids diffusion and does not conduct protons, leading to low catalyst utilization. Accordingly, ionomers like expensive Nafion ® inks are always used to increase the three-phase boundary and facilitate transport of protons 48 .
In order to solve above problems, novel supporting materials are applied with the development of advanced nanomaterials. For example, graphene, carbon nanotubes and mesoporous carbon have been used to prepare metal based catalysts for fuel cells and exhibit improved electrochemical properties due to large surface area, high chemical stability and excellent electrical conductivity [49] [50] [51] [52] . The pore size of mesoporous materials (2 to 50 nm) matches with most metal particles, leading to high accessible surface area to support metals deposition. Besides, the relative large pores (>3 nm) are able to allow fuels to contact metals surface with long residence time, resulting in a high utilization of metals and high oxidation efficiency. Although the commercial ordered mesoporous silica (OMS) is proved to be an ideal supporting material in environment-and energy-related catalysis, the poor electrical conductivity limits its direct application in fuel cells 53, 54 . Based on silica template, mesoporous carbon materials were first prepared in 1999, which had great scientific and technological importance as new electrode materials to be applied in fuel cells 55 . Present researches are mostly concentrated on ordered mesoporous carbons (OMCs).
The hard-template (e.g. SBA-15, MCM-41 and silica colloid) and soft-template (e.g. amphiphilic surfactants and triblock co-polymers) are two widely used synthesis methods of OMCs. In hardtemplate method, pores in OMS are mixed with carbon source (e.g. sucrose, resorcinol and formaldehyde). Then the carbonization is completed by pyrolysis at high temperature, followed by removing silica template to get OMCs. In soft-template method, carbon precursor (organic monomers)
is polymerized with the self-assembly of surfactant in liquid to form carbon-surfactant composite.
After removing surfactant, carbonization will be carried out by pyrolysis at high temperature. Recently reported MMECs and MSMMs for fuel cell anode, both achieved enhanced specific mass activity and durability which are superior to commercial Pt/C catalysts. MMECs can be prepared in a facile way at room temperature, avoiding the origin of high cost of high-temperature pyrolysis during the MSMMs synthesis. In addition, MMECs also can be directly grown on electrode surface with good contact conditions by electrodeposition method 34, 38, 42 , without the use of costly ionomer to immobilize catalysts onto electrode surface. The nanostructure, particle size, pore size and element composition of MMECs and MSMMs can be designed by choosing templates and reaction conditions during synthesis, in order to obtain optimal performance. This provides a promising method for the generation of high-performance and cost-effective metal catalysts for fuel cells with stable performance.
Use of mesoporous materials in cathode catalysts
The cathode reaction of oxygen reduction reaction (ORR) is the rate-determining process in PEMFCs, 
Mesoporous cathode electrocatalysts for acidic PEMFCs
Platinum based metals with carbon supports have good catalytic behaviour toward ORR. Nevertheless, the high cost and activity degradation due to agglomeration of platinum nanoparticles, corrosion of the carbon supports and anode fuels crossover still exist as bottleneck for wide commercial application. Accordingly, numerous efforts have been made to improve the catalyst performance. 85 . The ORR activity is found to be proportional to specific surface area, as shown in Fig. 4 101 . The activity sites of Fe-N-C need to be further investigated. Until now, great improvement of nonprecious metals based ORR catalysts using have been made for both acidic and alkaline PEMFCs, as listed in Table 1 , in order to reduce cost and enhance performance. 
Metal-free mesoporous electrocatalysts
The use of metal based catalysts brings about concerns about toxic metal pollution, irreplaceable or rare metal resources and hard-degraded substances. The crossover of anode fuels is one of challenges in fuel cells, and metal based catalysts are active toward both anode and cathode fuels. As a result, fuel cell efficiency will be reduced owing to the undesirable oxidation reaction at cathode. Carbon materials are renewable and easy to handle, and are tolerant to anode fuels. They are promising materials for cathode catalysts to reach a high efficiency and reduce the cost. Furthermore, heteroatoms have different electronegativity and size from carbon atoms, and they can change the charge distribution and electronic properties of pure carbon materials 26, 75 . Tailoring carbon materials by introduction of heteroatoms to obtain metal-free catalysts with ideal ORR activity is a hot issue nowadays. In recent years, nitrogen-doped carbon with N-containing polymers, ammonia, as well as nitrogen gas as the nitrogen source or the source of both nitrogen and carbon has been developed, which possess good ORR activity [103] [104] [105] [106] [107] [108] . Further developments on the combination of mesoporous carbon materials with heteroatoms doping make metal-free catalyst a potential substitution for Pt/C catalyst.
In a recent work, SBA-15 template is impregnated with pyrrole as both carbon and nitrogen sources via vaporization-capillary condensation in a vacuum container, and then forming the nitrogen-doped OMC after polymerization and etching 109 . The ORR current density at 0.9 V reaches 0.07, 0.09 and 0.12 mA cm -2 when the pyrolysis temperature was at 800 ºC, 900 ºC and 1000 ºC respectively. To date, S-, N-doped porous carbon materials have been reported with different N and S sources, as shown in Table 3 . Normally N and S co-doped carbon catalysts present larger number of electrons transfer compared to sole N or S doped carbon catalysts, leading to a high efficiency of ORR [115] [116] [117] .
Sulphur atoms bonding with carbon are thiophene like structure, which are proved to improve the catalysts with sole nitrogen doping due to the synergistic effects originating from S and N atoms [116] [117] [118] .
For example, S-, N-doped porous carbon foam exhibits ORR onset potential close to that of Pt/C, and its current density is higher with a limited-kinetics current density of 11.69 mA cm -2 at -0.40 V 119 .
Rotating-disk voltammetry measurements show the number of electron transfer is 3.96, indicating a high-efficiency four-electron process with negligible formation of H 2 O 2 . Pyrolysis temperature is a vital factor in synthesis of heteroatoms doped mesoporous carbon, which can largely affect catalytic activity as well as transferred electrons number for ORR. The optimal pyrolysis temperature is around 900 ºC according to the reported works, and it may vary because of the different carbon and heteroatoms precursors used 64, 109, 111, 115-117, 119, 121 . If the pyrolysis temperature is too low, carbon sheath will not be adequately graphitized, thus the as-prepared mesoporous carbon is of poor electrical conductivity. If the pyrolysis temperature is too high, active sites in the as-prepared mesoporous carbon will decrease due to the low heteroatoms doping level (density). Besides, specific surface area and pore volume of mesoporous carbon are also influenced by pyrolysis temperature. For these reasons, optimal preparation conditions are required to be investigated in order to make heteroatoms doped mesoporous carbon a potential substitute for commercial Pt/C catalyst with enhanced ORR activity, complete reduction product, long stability and methanol tolerance.
Fuel cell performance using electrocatalysts with mesoporous structure
Although many works reported superior performance of mesoporous catalysts toward anode and cathode reactions characterized by electrochemical measurements in three-electrode system, it was still required to be further verified by practical fuel cell performance. The three-electrode measurements are performed in bulk electrolyte with catalysts direct contacting to fuels. In fuel cell electrodes, liquid or gas fuels need to pass through the diffusion layer to reach the catalyst layer. As fuel cell is a more complicated system, many factors such as MEA fabrication (Nafion loading, gas diffusion layer, press process, etc.) and operation conditions (temperature, flow rate, humidity, etc.)
will affect its current density except catalysts property, which probably diminish the superiority of mesoporous catalyst. For example, when Pt/mesoporous carbon (Pt/MC) is assembled at cathode in a H 2 /O 2 fuel cell, the power density is higher than that of Pt/C cathode at 60 ºC
123
. However, the power densities become similar when operation temperature is 30 ºC. Ahn et al. found Pt particles in Pt/MC could deposit on two or more ordered carbon nanorods to share Nafion ionomer and electrolyte, thus less ionomer loading was required. The optimal Nafion loading at cathode for Pt/MC (10. wt%) is found to be lower than that for Pt/C (20 and 30 wt.%) 58 . In direct methanol fuel cell (DMFC) at 80 ºC, Pt/MC assembled in anode showed a maximum power density 8% higher than Pt/C, but Pt/MC assembled in cathode even showed slight lower maximum power density than Pt/C, and its best Nafion loading is 35% 77 . Flow rate of fuel also has different effects on Pt/MC and Pt/C. Recently
Bruno et al. prepared Pt/MC with 5.3 nm in Pt particle size, which is 25% smaller than Pt/C (Vulcan carbon) 124 . When Pt/MC and Pt/C are used as cathode catalysts, the maximum power density of DMFC while using air reaches 30 mW cm -2 and 16 mW cm -2 respectively. They found that although mesoporous catalysts could reduce the mass transport losses promoting the water transportation, they would also promote the drying out of the MEA at high flow rates. As shown in Fig. 8A , the highest power is achieved at 100 sccm air flow, and the power will reduce as air flow increase to 150 sccm when using Pt/MC as cathode catalyst. On the contrary, in Fig. 8B , the power is observed to keep increasing with air flow up to 150 sccm when using Pt/C. Thus it is of vital importance for practical application of mesoporous catalysts to optimize MEA preparation and operation conditions of polymer electrolyte membrane fuel cells.
In most reported works, better results have been observed with mesoporous catalysts in fuel cell tests due to their merits as shown in Table 4 . The Pt or Pt-alloy particles (~3 nm) can only be dispersed on the surface of microporous supports (< 2 nm in pore size), which aggregate easily and give rise to low ECSA. In addition, Nafion ionomer fails to enter pores with diameter smaller than 20 nm, showing poor contact between the metal nanoparticles and Nafion ionomer 125, 126 . On the contrary, the adequate pore size of mesoporous supports leads to more Pt dispersion and fuels accessible in mesopores 126 . Pt particles in mesopores could share Nafion ionomer and fuels, thus less ionomer loading was required 58 . The H 2 O produced by electrochemical reactions can easily transfer from the catalyst layer to the gas diffusion layer with less space occupied by ionomer. Thus mesoporous structure is favourable for mass transport in catalyst layer 126, 127 Wan et al. reported that their N-doped mesoporous carbon exhibited twice higher power density of DMFC than Pt/C 109 The reason was not only that N-doped mesoporous carbon showed higher ORR activity, but also that it was inactive toward methanol thus eliminating the negative effect of the methanol crossover . 
Summary and outlook
This mini-review summarises recent development and exciting researches in the application of mesoporous materials as anode and cathode electro-catalysts in polymer membrane fuel cells. For anode catalysts, mesoporous Pt based metals have been prepared via template-assisted reduction or sputtering deposition methods. They have shown increased specific surface area, improved electrochemical activity and poisoning tolerance due to the optimal mesoporous structure. Additionally, various kinds of organic compounds and even nature biomass can be used as sources to prepare heteroatoms doped mesoporous carbon, leading to a great reduction of catalysts cost. The mesoporous supporting materials have some advantages over commercial carbon supports, including
(1) several times larger specific surface area and high accessible surface area to support metal deposition, (2) good catalyst-support interaction, (3) high electrical conductivity, (4) good mass transfer of fuels in pores, (5) uniform and small metallic nanoparticles dispersion and (6) strong corrosion resistance. As a result, mesoporous electrocatalysts have shown better performance than commercial Pt/C. However, mesoporous anode catalysts without noble metals and mesoporous catalysts for nitrogen-containing fuels oxidation have not been intensively studied. It was found that
Pt-based catalysts are easily poisoned by the adsorbed N ads , and thus limits the current density and service life [129] [130] [131] . As mesoporous catalysts have demonstrated both activity and CO-tolerance improvement, they may also be developed as a strategy of noble metal free and N ads -tolerance catalysts as anode materials for fuel cells in the future. 
